Recently, research and development has focused on robots that work in place of people. It is necessary for robots to perform the same flexible motions as people. Additionally, such robots need to incorporate high-level safety features in order not to injure people. For creation of such robots, we need to develop a robot hand that functions like a human hand. At the same time, this type of robot hand can be used as an artificial hand. Here, we present artificial muscle-type pneumatic actuators as the driving source of a robot hand that is both safe and flexible. Some development of robot hands using pneumatic actuators has already taken place. But, until now, when a pneumatic actuator is used, a big compressor is needed. So, the driving system also needs to be big; enlargement of the driving system is a major problem. Consequently, in this research, we develop a low-pressure, low-volume pneumatic actuator for driving a robot hand that works flexibly and safely on the assumption that it will be in contact with people. We develop a five-fingered robot hand with pneumatic actuators. And, we construct a master-slave system to enable the robot hand to perform the same operations as a human hand. We make a 1-link arm that has one degree of freedom using a pneumatic actuator, and construct a control system for the 1-link arm and verify its control performance.
Introduction
Recently, robots driven by air pressure are widely used in industrial fields because of their low cost, light weight and simple systems.(1) Also, by using large compliance by air pressure, it is possible to build a safe and flexible drive. (2) Many experiments have been conducted recently for supporting human life and for practical applications, such as handling glass.
To create such robots, it is necessary to develop a human-like robot hand. So, in this research, we use a pneumatic actuator to develop a human-like robot hand.
There are many robot hands developed using pneumatic actuators.(3)(4) But, in recent pneumatic actuators, a large air pressure is necessary to have enough output, so a large compressor and system are needed. Also, the actuator itself is too large, which is difficult to arrange directly in a human-sized robot hand.
Consequently, the purpose of this research is to develop a pneumatic actuator with low-pressure and low-volume for driving a robot hand that works flexibly and is safer, on the assumption that it will be in contact with people. We examine the characteristics of this pneumatic actuator, and develop a five fingered robot hand with pneumatic actuators. What is more, we construct a master-slave system for the five fingered robot hand, and examine the control performance of the pneumatic actuator by constructing a control system for a joint model of the five fingered robot hand.
A Low Pressure Driven Pneumatic Actuator
A pneumatic actuator's energy source is air pressure produced with an air compressor. The air pressure is then converted into mechanical energy, such as revolving and translatory movements, and is affected by the physical power, displacement, and speed necessary to move objects based on the amount of its output. The most outstanding feature of a pneumatic actuator is simplicity and convenience based on the compressibility of air.
The pneumatic actuator we developed during this research is a type in which expansion and contraction operations are preformed by adjusting the pressure in a rubber balloon, which is assumed to be similar to a human muscle. Some actuators like this have already been developed. A typical actuator of this kind is the McKibben-type artificial muscle. Many research consortiums are developing robots using such a pneumatic actuator.
However, a pneumatic actuator that uses an artificial muscle like the McKibben-type artificial muscle needs a high level of air pressure to gain the necessary driving power because such a pneumatic actuator is required to generate force equal to a hydraulic motor, hydraulic cylinder and electric motor. Consequently, applications for prosthetic hands lack practicality because a big air compressor is needed when conventional actuators like those outlined above are used. We adjusted the design of our robot hand and developed a pneumatic actuator that was able to gain enough power to drive the finger and grasp objects using low air volume and low pressure.(5) 2.2 The structure of low pressure driven pneumatic actuator Figure 1 shows the structure of the pneumatic actuator that we developed. It is composed of a rubber balloon, a net that covers a rubber balloon, and a feeding channel that sends compressed air to the balloon.
The actuator is inflated from the condition of Fig. 1(a) to Fig. 1(b) by sending compressed air to the balloon in the actuator through the feeding channel. In this way, the actuator generates force. Part of the actuator is fixed as shown in Fig. 1 . The rubber balloon is about 0.21 mm thick, and is covered by a knit net so that the actuator may efficiently shrink to the air volume sent. 
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Vol. 2, No. 6, 2008 The basic structure of the pneumatic actuator is the same as the past Mckibben-type artificial muscle described previously. However, the pneumatic actuator can be driven by lower pressure and lower air volume by making components flexible. This means that the robot finger can be driven, and can gain enough force to grasp objects without high pressure. What is more, this pneumatic actuator can be arranged directly in a robot hand because it can be miniaturized. 
Force control of 1-link arm 3.2.1 Experimental apparatus
The flow diagram of the experimental apparatus is shown in Fig. 3 . A PC/AT compatible machine (Pentium3 1GHz: EPSON Corp.) acted as the host computer, and a control experiment was conducted by sampling for 0.001 s on a DSP board (DS1103: dSPACE Inc.) attached to an ISA Bus. An A/D-D/A converter and a counter were built on to the DSP board and were used to acquire output signals from a sensor. The control system was designed by MATLAB/SIMULINK. Compressed air to drive the joint model is collected with the compressor and the accumulator, and the inner pressure of two actuators is controlled with an electro-pneumatic regulator. Pressure in each actuator is measured with a built-in pressure sensor of the regulator. The object is vertically set up for the point of the joint model. The force sensor is installed at the object (Fig. 4) , and the contact force is measured.
We used a cascade control shown in Fig. 5 . r F ， F is reference of contact force, and contact force， r P ， P is inner pressure of the pneumatic actuator.
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Construction of control system
To construct a cascade control system, it is necessary to know the relationship between the contact force and inner pressure of actuator 1. To learn that, we conducted an experiment. Figure 6 shows the result of the experiment. From Figure 6 , the relationship between the contact force and inner pressure of actuator 1 is almost linear even though there is hysteresis. Hysteresis is ignored in this research. By using the least square method, we approximated the relationship between the contact force and inner pressure of actuator 1. The gain of the cascade control system is shown in Table 1 . Figure 7 shows the response of the cascade control and Figure 8 shows PID control when the joint model comes in contact with an object by 60 deg. According to this figure, the results achieved using the cascade control system follow the chirp signal well, but the following accuracy of PID control is inferior in the high frequency region.
Next, we examine the frequency response when the cascade control system and PID control system are applied. The experimental results are shown in Figure 9 . According to this figure, there is hardly a delay when the cascade regulation is applied, but the delay is large when the PID control is applied. Therefore, it is useful to apply the cascade control system for the control of the contact force with an object. 
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Angle control of 1-link arm 3.3.1 Experimental apparatus
We examine the response of the angle of the joint to the reference value with experimental apparatus similar to control experiment of contact force. In angle control, we used a PID control differ from contact force control because the relationship between joint angle and inner pressure of actuator is non-linear.
By using of PID control system, response was unstable when the reference value was fixed. To prevent it, the PID control system with the gap is constructed. Figure10 shows the PID control system with the gap we constructed. r θ is the reference value of angle, θ is measured angle, e is deflection, and ' e is shown by the following equations.
(1)
The gain of PID control is shown in Table. 2. The reference value of angle is assumed to be staircase signal, and mixed sin-wave (0. 
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Five Fingered Robot Hand
We produced a five-fingered robot hand that imitates a human's right hand (cf. Figure13). The pneumatic actuator was designed and arranged to make the fingers of this robot hand have the same movable range of humans' finger. Moreover, we adjusted the length of the pneumatic actuator to the length that can be installed directly in robot finger.
The index finger, middle finger, ring finger, and little finger have DIP joints, PIP joints, and MP joints respectively. And we arrange actuators for flexion operation in the DIP and in the PIP joint one by one. The extension operation is done by elastic gum. We arrange two actuators for flexion operation and extension operation in the MP joint. The thumb has an IP joint, a MP joint, and a CM joint. And we arrange actuators for flexion operation in the IP joint and in the MP joint one by one. In order to give the degree of rotation freedom and the 0. 
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degree of freedom of palmer adduction for the CM joint, we arrange four actuators. The pinching operation becomes possible by ensuring the thumbs having the degree of rotation freedom.
Because the five fingered robot hand has a movable range closed to a human hand, it can assume positions for holding a variety of objects. Figure. 14 shows an example of the five fingered robot hand holding an object. This hand can hold the objects up to 500[g] in weight. 
Master-Slave System
We construct master-slave system with five fingered robot hand we develop. The master-slave system is a system that achieves operation similar to man in the robot hand. A peculiar device to the system such as joysticks is used in a conventional master-slave system to control the robot arm. But, when the five fingered robot hand is operated, the operation is difficult in such a device, because the five fingered robot hand have a large number of degree of freedom. To operate slave according to the desire, user is required some experiment. Consequently, we construct master-slave system with a data-glove (Roman-glove; LEVEX Corp.) in this research. The data-glove is wearable measuring Vol. 2, No. 6, 2008 device of the glove type that can measure the angle of each joint of man's hand as shown in Figure15. Intuitively operating the robot hand without needing the training for the operation becomes possible by using the data-glove.
Compress air that is the energy source is collected with the compressor (DPP-AYAD compressor; KOGANEI Corp.) and the accumulator (DPT-T18-V air tank; KOGANEI Corp.). ON/OFF solenoid valve is used for the supply and the exhaust of compress air to the actuator. Compress air is supplied to the actuator when the output value from the data glove exceeds the threshold, and it exhausts it when falling below the threshold, and robot hand is driven. We can achieve operation corresponding to the operation of man's hand in the robot hand in this way. But, only the supply and the exhaust of compress air can be controlled in ON/OFF solenoid valve, and each joint can do only the maximum flexion operation and the maximum extension operation. It is described in the next chapter that the construction of the control system that can freely control the joint with electro-pneumatic regulator (EVT-T11R electro-pneumatic regulator; CKD Corp.) that can change air pressure consecutively. Figure 16 shows the example of master-slave system. 
Conclusion
In this research, we developed a pneumatic actuator. The pneumatic actuator can drive a robot hand to work flexibly and safely. We develop five fingered robot hand with this pneumatic actuators, and construct master-slave system. Moreover, to control robot hand freely, we conduct control experiment for joint model of the five fingered robot hand. From these, we obtained the following conclusions.
1. The pneumatic actuator we originally developed can obtain enough generated force and a contraction ratio with lower air pressure and lower air volume.
2. Because this actuator has a linear relationship, in terms of the relationship of the generated force to inner pressure, force control is easy.
3. The contraction ratio of the pneumatic actuator show a similar tendency to the length of the actuator.
4. We construct the master-slave system which achieves operation similar to man in the robot hand.
5. The cascade control system is effective for the force control of joint model, and the PID control system with the gap is effective for the angle control for the joint model.
